We describe a procedure for detection of law-abundance cellular RNAs by in situ hybridization histochemistry, using single-stranded DNA probes produced by amplified primer extension labeling with Taq polymerase. We have used this approach to detect a number of high-and low-abundance RNA species and have found it to be a simple and reproducible method of obtaining sensitive probes for in situ hybridization studies. For example, DNA probes generated by
Introduction
A fundamental question in biology concerns the regulation of gene expression under various experimental situations. Such questions can be addressed at the level of single cells using the technique of in situ hybridization histochemistry (ISHH) . Several different types of probes are available for ISHH. including double-stranded cDNAs (11,13), single-stranded (ss) DNAs (1,6.23,26), synthetic oligodeoxyribonucleotides (18) , and cRNAs (8). Each type of probe can be used successfully under appropriate experimental conditions. Ofthe probes available, RNA probes have been considered the most sensitive because they are single-stranded and can be internally labeled to a very high specific activity (8) . In practice, however, RNA probes have some significant disadvantages. Results from in vitro transcription reactions used for RNA probe labeling can be somewhat variable, which can result in poor probes. Post-hybridization ribonuclease treatment, necessary with RNA probes to reduce background (8) can damage cell morphology. Finally, RNA probes are susceptible to ribonucleases, making them less stable than DNA probes.
To avoid these difficulties, several studies have employed single-' Supported by grants Although these probes are also very sensitive, the technical complexity of producing them by these methods has limited their application. The polymerase chain reaction (PCR) (24) has greatly facilitated the study of gene expression by making it possible to obtain large quantities of any DNA fragment of interest. In conventional PCR, two DNA primers are used which flank a DNA sequence to be amplified. Then, by repeated rounds of denaturation, annealing, and primer extension carried out by a thermostable DNA polymerase, the DNA lying between the primers is amplified exponentially. A variation of the PCR procedure, called asymmetric PCR ( E ) , provides a method to obtain large quantities of ssDNA. In asymmetric PCR only one primer is used, so that only one DNA strand is amplified in an arithmetical fashion. Several authors have described techniques for generating radiolabeled ssDNA probes by variations of this procedure (2,3,9,19-21,25).
We describe here the use of ssDNA probes for detection of mRNA and heteronuclear (hn) RNA in brain tissue. In this protocol, conventional PCR is used to obtain a DNA fragment of interest. This fragment is then used as a template for the probelabeling reaction, which involves repeated cycles of primer extension by Taq polymerase in the presence of labeled nucleotide precursors with a single anti-sense primer. Since only the anti-sense primer is present during the labeling reaction, only the anti-sense strand is labeled. The result is a population of internally labeled ssDNA molecules that can be used as hybridization probes. We have found these probes easier and faster to produce and use than RNA probes, a n d they are sensitive enough t o detect low-abundance neuropeptide hnRNAs by ISH.
Sample Protocols
Template Production. Template DNA for use in the probe labeling reaction is obtained with standard PCR (24) methodology to amplify a small DNA fragment containing the sequence of interest. For these studies, the original PCR amplification is carried out using cloned DNA templates. However, we have also had success with cDNAs obtained by reverse transcriptase-PCR as described elsewhere (5).
The preproenkephalin (PPE) exon probe was a 206 base fragment spanning all of exon 2 and part of exon 3 of the rat PPE gene, which was amplified from a PPE cDNA (RPE-2) obtained from Dr. Richard Howells (U. of New Jersey School of Medicine and Dentistry). The PPE intron probe was a 246 base fragment from intron A of the PPE gene, which was amplified from plasmid PRESS-I, obtained from Dr. Steven Sabol (NIMH). The oxytocin (OT) intron probe was a 201 base fragment from intron 1 of the OTgene. which was amplified from an OT genomic clone provided by Drs. Evita Mohr and Dietmar Richter (U. of Hamburg).
Appropriate fragments are amplified from IO-ng plasmid DNA by standard PCR methodology. Amplification consists of 20 cycles of the following program: 94'C for 30 sec, 60'C for 30 sec, and 72'C for 1 min. followed by a final extension at 72'C for 10 min. A two-step cycle of 95'C for 1 min followed by 60'C for 1 min appears to work equally well.
The sequences of the primers used in these studies are as follows. PPE exon: upstream 5' -ATg gCg CAg TIC CTg AgA C'IT-3'; downstream J'-CAg gAg ATC CTT gCA ggT C-3' ( + I to +207) (15); PPE intron: upstream 5'-gTT CCT CAT TgT CCT ggg TgT CC-3'; downstream 5'-CCT ggA ggT ATC CTA TCT TCC-3' (+468 to +222) (17); preprooxytocin intron: upstream 5'-gAg TCT CCC CgA CgC CAT-3'; downstream 5'AAA gAC gCg gAT ggg CgC T3' (bases 384-590) (16). All oligodeoxynucleotides were obtained from Oligos. Etc. (Portland, OR).
The studies described here used probes between 200 and 300 bases long. In other studies carried out in our laboratory, we have used fragments ranging in length from 90 to 360 bases for in situ hybridization.
After the initial PCR amplification, 10% of the reaction mixture is analyzed on a 3% agarose minigel in TAE buffer. If only the appropriate-sized band is present, the remainder of the reaction mixture is passed Over a Sephadex G-50 spin column or a Centricon 100 column to remove excess primers. If multiple bands are present, the appropriate band can be cut from the gel and reamplified to ensure a homogeneous product, followed by removal of the primers as above. The purified material is then diluted to approximately 25 nglpl and stored at -20°C. This material is used as a template for probe labeling and can easily be replenished by additional PCR amplification when stocks run low.
Probe Labeling. For synthesis of "P-labeled probes, the reaction mixture contains the following: approximately 25 ng template DNA from the original PCR reaction, 5 pl 10 x PCR buffer (Cetus; Norwalk. CT). 1 pI deoxy G,A,T mix (equal volumes of 10 mM dATP. dGTP. dlTP), 50 pmol anti-sense primer, 15 PI [u-~*P]-~CTP (650-800 Cilmmol). and 2.5 U Taq polymerase in a final volume of 50 pl. Cold dCTP is added to increase the total dCTP concentration if desired. although this lowers the specific activity of the probe. High specific-activity "P-labeled probes are useful for checking hybridization specificity on Northern or Southern blots and for examining the regional distribution of cells expressing an mRNA of interest by ISHH followed by detection on X-ray film (Figure 1 ).
For better cell resolution, 'H-labeled probes are used. For 'H labeling, 250 pmol of each 'H-labeled dNTP (Amersham; Arlington Heights, IL) (40-120 Cilmmol) is dried and re-suspended in 1 x PCR buffer, followed by the addition of primers, template DNA. and Taq polymerase as above. Probe synthesis is carried out under the same amplification conditions as described to generate the template, except that 50 cycles are used. More cycles are necessary since only one primer is present; therefore, the amplification is linear, not exponential. The conditions used here typically result in 40-70% incorporation of isotope, resulting in "P-labeled probes with a specific activity of 109 cpmlpmol or 'H-labeled probes with a specific activity of 10' cpmlpmol. Labeled probes are purified from unincorporated nucleotides and excess primers by Sephadex G-50 spin columns (s'mu3'. Inc.; Paoli, PA) and stored at -2O'C until use.
In Situ Hybridization Histochemistry. Rats are deeply anesthetized by CO2 narcosis and sacrificed by decapitation. Forebrain blocks are removed, frozen on dry ice, and stored in airtight boxes at -8O'C until sectioning. The brains are sectioned at 10 pm with a Bright cryostat, dried on a slide warmer, then fixed with 3% paraformaldehyde in 0.03% diethylpyrocarbonate (DEPC) for 15 min at room temperature (RT). Slides are immersed in PBS for 15 min, then passed through 70%. 95%. and 100% ethanol (5 min each), air-dried, and stored at -70'C in slide boxes containing desiccant until use (up to 1 year).
Pre-hybridization and Hybridization. The pre-hybridization buffer contains 20 mM Nap04 (pH 7), 2 x SSC [20 x SSC = 3 M NaCI, 0.3 M sodium citrate. 5 mM EDTA, 2.5 x Denhardt's solution, 5 mM MT, 100 pg/ml herring sperm DNA, 100 pg/ml yeast tRNA (phenol-chloroformextracted), 5 pg/ml single-stranded calfthymus DNA, and 50% deionized formamide]. All nucleic acids are obtained from Sigma (St Louis, MO). The hybridization buffer contains the same components with the addition of 10% dextran sulfate (Sigma, Cat. D-6001). Dextran sulfate is a critical component of the hybridization mixture, since in addition to increasing the rate of hybridization. presumably by a volume exclusion effect (8), it also greatly decreases nonspecific probe binding to tissue sections (unpublished observations).
Slides are removed from the freezer and allowed to warm to RT. Brain sections are covered with pie-hybridization buffer and incubated at 42°C for 2 h. After pre-hybridization, the slides are rinsed in 1 x SSC, then dipped in 95% ethanol and air-dried. Hybridization is carried out in the hybridization buffer containing labeled probe (1-4 x 105 cpm of 3Hlabeled probe or 0.5-2 x 106 cpm 32P-labeled probe) in a 2 5 4 volume per brain section at 42°C overnight. The next day the slides are dipped in 1 x SSC, then washed twice in 1 x SSC (15 min each), followed by incubation overnight in 4 liters of 0.1 x SSC at RT, with stirring. This is followed by a final wash in 0.1 x SSC at elevated temperatures (37-65°C). as necessary. Wash temperatures are derived from preliminary blot hybridization experiments, and empirically determined for in situ hybridization conditions using hybridization with high specific-activity 3ZP-labeled probes. The wash condition giving the best signal-to-noise ratio is then used in subsequent studies with 3H-labeled probes and hybridization is detected by liquid emulsion autoradiography, using standard techniques (22) .
Control experiments include hybridization with sense orientation probes pre-treating the sections with ribonuclease before hybridization to remove the target RNA. Controls for positive and negative chemography (22) are also included in liquid emulsion autoradiography. In addition, before use in situ hybridization experiments, the hybridization specificity of all of the probes used in these studies is characterized by Northern or Southern blot analysis.
Examples of Results

Detection of Preproenhepbalin mRNA
Initial studies were carried out with a 32P-labeled ssDNA probe spanning exons 2-3 of PPE mRNA. After ISH, sections were processed for X-ray film autoradiography. After ovemight exposure a strong hybridization signal was detected over the caudate putamen, consistent with the known localization of cells expressing the PPE gene (13) ( Figure 1A) . The hybridization signal was removed by pre-treating the section with ribonuclease ( Figure IB) , and no signal was seen with the sense-orientation probe ( Figure IC) , indicating the specificity of hybridization.
Detection of bnRNAs
We were particularly interested in determining if ssDNA probes produced by amplified primer extension would be sensitive enough to detect low-abundance hnRNA in single cells by ISHH. Neuropeptide hnRNAs are typically present at one or two orders of magnitude lower than their corresponding mRNAs (4), and present a significant technical challenge to detect such a low-abundance signal. Previous authors have used RNA probes to detect neuropeptide hnRNAs in brain (10, 14) .
To detect PPE hnRNA, a 246 base fragment of intron A of the rat PPE gene was used to generate a single-stranded 3H-labeled probe. After hybridization and washing, sections were processed for liquid emulsion autoradiography (Figure 2) . With the 3Hlabeled PPE intron A probe, neurons were clearly labeled in the striatum (Figure 2A ) and the hybridization signal was clustered over the cell nucleus, as expected for hybridization to hnRNA. The relatively low background, even after the long exposure time (8 weeks), was typical of these 3H-labeled probes. No signal was seen in sections hybridized with the same probe in the sense orientation (Figure 2B) , indicating specificity of hybridization. Since cellular DNA was not denatured before hybridization in this protocol, it is unlikely that the signal was caused by hybridization to DNA. In addition, hybridization of the PPE intron A probe was abolished by pretreating the sections with DNAse-free ribonuclease ( Figure 2C) , indicating hybridization to PPE hnRNA. The PPE exon probe labeled with 3H in the same manner produced a much stronger signal, localized over cell bodies on striatal neurons ( Figure 2D) .
To test the generality of this method for detecting neuropeptide hnRNAs, we generated a 3H-labeled ssDNA probe to intron 1 of the rat OT gene. With this probe, unambiguous hybridization was seen over the nuclei of magnocellular neurons in the dorsal supraoptic nucleus (Figure 3) , consistent with the distribution of OT neurons in this structure.
Using the 3H-labeled OT-I probe, we consistently noted that the hybridization signal was distributed non-homogeneously over cell nuclei (Figure 3) . with the silver grains that represent hybridization to OT hnRNA appearing as nuclear foci. Although further studies will be necessary to address this point directly, these paired foci may represent sites of OT gene transcription, as shown for other cellular genes (27).
Advantages and Problems
The present experiments examined the utility of ssDNA probes produced by amplified primer extension for detection of cellular sites of RNA synthesis. These probes are similar to RNA probes in that they are single-stranded and can be internally labeled to predetermined specific activity. In addition, ssDNA probes offer a number of significant practical advantages over RNA probes. We studied a moderately abundant neuropeptide messenger RNA (PPE) and two different low-abundance heteronuclear RNAs (PPE and OX). Our results indicate that the procedures described here represent a generally applicable method for detection of both RNAs and low-abundance RNAs, including hnRNAs, in brain.
The procedure we describe for generating ssDNA probes was derived from the original asymmetric PCR procedure of Gyllensten and Ehrlich (12) and was similar to procedures described by other investigators (2, 3, 9, 19, 25) . We propose the term "amplified primer extension," or APEX. This term for the labeling procedure was originally coined by Cartwright and Kelly (7) in a somewhat .'?. ...
Q
A C different context, as it IS not strictly a polymerase chain reaction, although it does involve Taq polymerase and a thermal cycler apparatus.
Although they both use PCR technology, the APEX labeling procedure should not be confused with the reverse transcriptase-PCR procedure, sometimes referred to as "in situ PCR." In situ PCR involves reverse transcribing RNA followed by PCR amplification in individual cells in situ. In contrast, the APEX technique is a procedure for generating single-stranded, internally labeled DNA molecules which are then used as hybridization probes in stranded in situ hybridization procedures.
Hybridization with 32P-labeled ssDNA probes followed by X-ray film detection represents a rapid method to detect sites of synthe---- .'\ ' sis of relatively moderate-abundance "As, which can then be quantified with image analysis software. Once appropriate hybridization and wash conditions have been optimized with 32P-labeled probes, 3H-labeling can be used for cellular and even subcellular resolution of the hybridization signal.
Advantages ana' Unique Features
The APEX procedure described here is best thought of as an alternative to the use of RNA probes for detection of moderate-to lowabundance RNA species. In terms of cost, once the investigator owns a thermal cycler, the cost including isotope usage is similar to that for generating RNA probes. Although the procedure is not as com- plex as generating RNA probes and does not require experience with molecular biological techniques, it does require the use of a thermal cycler apparatus and some experience with PCR methodology. Therefore, for detecting high-abundance RNAs, the use of synthetic oligonucleotides is significantly easier and is adequate in many instances.
Critical Steps for Success
The most critical step for success in this procedure, as in many hybridization procedures, is to select the appropriate sequence for use as a probe. To a large extent this choice is dictated by the experiment; however, some guidelines may be helpful. The GC content should not be excessively high (i.e., not greater than 65%) if possible, as this will likely lead to background problems. The probe should not hybridize to ribosomal RNA under the hybridization and wash conditions used. This is best prevented by preliminary Northem blot analysis using increasingly stringent wash conditions. Overall, Northern blot analysis is highly recommended to determine appropriate wash conditions for ISH with relatively short RNAs. Although longer probes should give a stronger signal, in some cases longer probes give higher background signals and probably do not penetrate the tissue well. One possible way to use longer probes is to boil them after synthesis to reduce probe size. Finally, when the probes are labeled, it should be kept in mind that since they will be used for in situ hybridization to RNA, care should be taken to exclude ribonucleases during the labeling and purification procedure.
The only drawback we have noted with these probes is that in some experiments we detected a light signal over myelinated structures in the brain. This signal could easily be distinguished from true hybridization, as it was not present over cell bodies and was not sensitive to ribonuclease pre-treatment. Interestingly, Akam
(1) also noted that ssDNA probes produced using the M13 system produced a nonspecific signal over the Drosophila cuticle, which may represent the same phenomenon.
Whereas the present report has focused on radiolabeled probes, we (unpublished observations) and others (21) have also been able to detect "As in situ with digoxigenin-labeled ssDNA probes. Interestingly, Nighom et al. (20) utilized a similar approach to generate ssDNA probes labeled with digoxigenin and were able to identlfy cellular sites of phosphodiesterase gene expression in Dmsophil;z that were not detectable with 35S-labeled RNA probes, suggesting that ssDNA probes produced by amplified primer extension are more sensitive than RNA probes under some circumstances.
In summary, the use of single-stranded DNA probes produced by APEX labeling represents a sensitive and practical approach for detection of high-and low-abundance RNA species by in situ hybridization.
